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ABSTRACT
We analyse in this work the propagation and geoeffectiveness of four successive coronal mass ejections
(CMEs) that erupted from the Sun during 21–23 May 2013 and that were detected in interplanetary
space by the Wind and/or STEREO-A spacecraft. All these CMEs featured critical aspects for un-
derstanding so-called “problem space weather storms” at Earth. In the first three events a limb CMEs
resulted in moderately geoeffective in-situ structures at their target location in terms of the distur-
bance storm time (Dst) index (either measured or estimated). The fourth CME, which also caused
a moderate geomagnetic response, erupted from close to the disc centre as seen from Earth, but it
was not visible in coronagraph images from the spacecraft along the Sun–Earth line and appeared
narrow and faint from off-angle viewpoints. Making the correct connection between CMEs at the Sun
and their in-situ counterparts is often difficult for problem storms. We investigate these four CMEs
using multiwavelength and multipoint remote-sensing observations (extreme ultraviolet, white light,
and radio), aided by 3D heliospheric modelling, in order to follow their propagation in the corona and
in interplanetary space and to assess their impact at 1 AU. Finally, we emphasise the difficulties in
forecasting moderate space weather effects provoked by problematic and ambiguous events and the
importance of multispacecraft data for observing and modelling problem storms.
Keywords: Sun: coronal mass ejections (CMEs) – solar–terrestrial relations – solar wind
1. INTRODUCTION
Coronal mass ejections (CMEs; e.g., Webb & Howard
2012) are well known to be the principal drivers of space
weather effects at Earth (e.g., Gosling et al. 1991; Gon-
zalez et al. 1999; Huttunen et al. 2005; Koskinen &
Huttunen 2006; Richardson & Cane 2012). The sub-
set of CMEs that are most likely to drive geomagnetic
disturbances are front-sided full halos that are seen to
entirely encompass the solar disc in the field of view
Corresponding author: Erika Palmerio
erika.palmerio@helsinki.fi
of coronagraphs along the Sun–Earth line (e.g., Howard
et al. 1982; Webb et al. 2000; Srivastava & Venkatakr-
ishnan 2004; Schwenn et al. 2005; Gopalswamy et al.
2007; Zhang et al. 2007; Scolini et al. 2018a). Another
important but less accurately predictable (in terms of
hit/miss) subset of CMEs are partial halos, which are
seen to erupt with a wide angle in coronagraph images
without forming a complete ring around the solar disc.
The source region of a halo CME can be located any-
where on the solar disc, but it has been shown that the
most geoeffective ones tend to originate closer to the
central meridian (Gopalswamy et al. 2007). Neverthe-
less, some limb halo CMEs (i.e., source region located
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> ±45◦ longitude from the central meridian) have been
observed to drive geomagnetic storms (Huttunen et al.
2002; Rodriguez et al. 2009; Gopalswamy et al. 2010b;
Cid et al. 2012). Cid et al. (2012) studied 25 full halo
CMEs that erupted from the limb during solar cycle 23,
and concluded that four of them (all coming from the
West limb) were drivers of geomagnetic activity. This
suggests that limb CMEs, and in particular limb halos,
should be taken into consideration in space weather pre-
dictions, although as sources of moderate disturbances
only since they usually make glancing encounters with
Earth.
However, the geoeffectiveness of limb halos is usu-
ally more difficult to predict than for disc halos (i.e.,
source region located < ±45◦ longitude from the cen-
tral meridian). In general, all CMEs are affected by a
certain degree of unpredictability as they travel away
from the Sun, mostly because of deflections (e.g., Wang
et al. 2014; Kay et al. 2015, 2016), rotations (e.g., Mo¨stl
et al. 2008; Yurchyshyn et al. 2009; Vourlidas et al. 2011;
Isavnin et al. 2014), deformations (e.g., Savani et al.
2010), and/or interactions with other CMEs or other
heliospheric structures (Lugaz et al. 2012, 2017; Shen
et al. 2012). In the case of limb halos, it is particu-
larly uncertain whether a CME will hit Earth at all.
Another aspect to take into account is that although
the ejecta of a limb halo may miss Earth, the related
interplanetary shock and sheath may instead result in
an impact. CME-driven sheaths are well-known drivers
of significant geomagnetic disturbances (e.g., Tsurutani
et al. 1988; Gonzalez et al. 1999, 2011; Huttunen et al.
2002; Huttunen & Koskinen 2004; Lugaz et al. 2016;
Kilpua et al. 2017b). Gopalswamy et al. (2010b) stud-
ied 17 limb halos and their interplanetary counterparts,
and concluded that the geoeffectiveness was caused by
the sheath region in all the cases in which the association
could be made unambiguously.
Another class of CMEs for which it is difficult to assess
geoeffectiveness is represented by those CMEs that are
not visible in coronagraph imagery because they are too
narrow and/or too faint (e.g., Yashiro et al. 2005; Vourl-
idas et al. 2017). Such CMEs are mostly missed when
viewed along the Sun–spacecraft line, but there are cases
when CMEs are extremely faint in coronagraph obser-
vations even from an off-angle view (e.g., Kilpua et al.
2014). Furthermore, Howard & Simnett (2008) identi-
fied a significant number of CME events observed by the
Solar Mass Ejection Imager (SMEI; Eyles et al. 2003)
in the inner heliosphere that were not visible in coron-
agraph data. This suggests that these events contained
initially little to no excess mass compared to the ambient
coronal density, but gained mass during their propaga-
tion in the inner heliosphere. Assessing the geoeffective-
ness of such events from a single viewpoint would be a
highly challenging task, since little to nothing could be
said about their propagation speed or direction. Fur-
thermore, Schwenn et al. (2005) accounted in a statis-
tical study that spanned four years of data that about
20% of interplanetary CMEs (or ICMEs; e.g., Kilpua
et al. 2017a) and related storms did not have a front-
sided halo (partial or full) CME source.
In this article, we further investigate and discuss the
issue of observing and forecasting “problematic” CMEs.
We study a series of four CMEs that erupted dur-
ing 21–23 May 2013 and whose associated interplane-
tary shocks, sheaths, and ejecta reached Earth and the
STEREO-A spacecraft. The CMEs studied can all be
considered as “problematic” from a forecasting perspec-
tive because they either originated from the solar limb
with respect to their target location or they were not vis-
ible (or extremely faint) in coronagraph imagery. Nev-
ertheless, all CMEs that arrived at Earth caused mod-
erate geomagnetic activity in terms of the disturbance
storm time (Dst) index. At STEREO-A, we evaluate
the “geoeffectiveness” of the observed CMEs using ex-
isting Dst prediction formulas that take solar wind pa-
rameters as input. We investigate in particular whether
these CMEs are observed in multiwavelength and mul-
tipoint remote-sensing observations, including extreme
ultraviolet (EUV), radio, and white-light coronagraph
and heliospheric imager data, and to what extent tech-
niques based on these observations can predict the im-
pact and arrival time of the CMEs. This analysis is
complemented by performing a simulation using the 3D
heliospheric model EUHFORIA. In Section 2, we intro-
duce the spacecraft and the instruments that we use in
this work. In Section 3, we present a complete obser-
vational overview or the CMEs under study. In Sec-
tion 4, we present a detailed analysis of these events,
from both the observational and the modelling perspec-
tives. Finally, in Section 5 we discuss and summarise
our results.
2. SPACECRAFT DATA
The solar disc from Earth’s view is imaged by the So-
lar Dynamics Observatory (SDO; Pesnell et al. 2012)
and the Project for On Board Autonomy 2 (PROBA2;
Santandrea et al. 2013). Line-of-sight photospheric mag-
netograms are provided by the Helioseismic and Mag-
netic Imager (HMI; Scherrer et al. 2012) onboard SDO.
EUV observations are provided by both the Atmospheric
Imaging Assembly (AIA; Lemen et al. 2012) onboard
SDO and the Sun-Watcher with Active Pixel System and
Image Processing (SWAP; Halain et al. 2013; Seaton
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et al. 2013) onboard PROBA2. The combination of the
two different EUV instruments enables us to observe the
Sun in several SDO/AIA channels and to take advantage
of the enlarged field of view of PROBA2/SWAP that is
especially useful for observing CMEs off limb.
Solar observations from other viewpoints are made
with the Sun Earth Connection Coronal and Helio-
spheric Investigation (SECCHI; Howard et al. 2008)
Extreme UltraViolet Imager (EUVI) onboard the So-
lar Terrestrial Relations Observatory (STEREO; Kaiser
et al. 2008). The STEREO mission consists of twin
spacecraft that orbit the Sun, one ahead of Earth in
its orbit (STEREO-A) and the other trailing behind
(STEREO-B).
After the onset of eruptions, we follow the evolution
of the CMEs through coronagraphs and heliospheric im-
agers. Coronagraph observations are made from three
vantage points. The view from Earth is provided by the
Large Angle and Spectrometric Coronagraph (LASCO;
Brueckner et al. 1995) C2 and C3 instruments on-
board the Solar and Heliospheric Observatory (SOHO;
Domingo et al. 1995). The views from STEREO-A and
STEREO-B are provided by the SECCHI COR1 and
COR2 coronagraphs. We observe the space between the
outer corona (∼ 15 R) and Earth through the Helio-
spheric Imagers (HI; Eyles et al. 2009) onboard the twin
STEREO spacecraft. Each HI instrument comprises two
cameras, HI1 and HI2.
In-situ measurements from Earth’s Lagrange L1 point
are taken with the Wind (Ogilvie & Desch 1997) satel-
lite. We use data from the Magnetic Field Investigation
(MFI; Lepping et al. 1995), the Solar Wind Experiment
(SWE; Ogilvie et al. 1995), and the Radio and Plasma
Wave Investigation (W/WAVES; Bougeret et al. 1995)
instruments.
Measurements at the STEREO spacecraft are taken
with the in-situ instruments In situ Measurements of
Particles And CME Transients (IMPACT; Luhmann
et al. 2008), Plasma and Suprathermal Ion Composition
(PLASTIC; Galvin et al. 2008), and Radio and Plasma
Wave Investigation (S/WAVES; Bougeret et al. 2008).
3. OVERVIEW OF THE 21–23 MAY 2013 CMES
We analyse in this study four CMEs that erupted be-
tween 21–23 May 2013. Figure 1 shows the configura-
tion of Earth and the twin STEREO spacecraft roughly
in the middle of the selected observation period, i.e. on
22 May, 12:00 UT.
3.1. Remote-sensing Observations
The onset and lower coronal signatures of each of
the eruptions are revealed from different perspectives in
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Figure 1. The position of Earth and the twin STEREO
spacecraft on 22 May 2013, 12:00 UT. The longitudinal sep-
aration was 137◦ between Earth and STEREO-A, 141◦ be-
tween Earth and STEREO-B, and 82◦ between STEREO-A
and STEREO-B.
EUV observations from SWAP onboard PROBA2 and
EUVI from the SECCHI suite on the STEREO satel-
lites. Figure 2 summarises the positions of the source
regions of all the CMEs under study on the different
spacecraft. After studying the different eruptions on
disc, we follow them in coronagraph imagery provided
by the SOHO and STEREO satellites. Figure 3 shows si-
multaneous snapshots of each CME from the three view-
points. Finally, we search for signatures of the CMEs in
the HI cameras. Figure 4 shows snapshots of the CMEs
that we could identify in HI1 imagery.
The first CME (hereafter CME1) erupted on 21 May
2013, ∼01:00 UT. As shown in the first column of Fig-
ure 2, the CME originated from the SW limb from
STEREO-A’s viewpoint and from close to the cen-
tral meridian (in the SE quadrant) from STEREO-B’s
viewpoint. The source region was located at (θ, φ) =
(−20◦,−155◦) in Stonyhurst coordinates (Thompson
2006), and the eruption was back-sided with respect to
the Sun–Earth line (i.e., its source region was not in view
for PROBA2/SWAP). This means that its correspond-
ing source region was not classified, but was labelled as
NOAA Active Region (AR) 11758 when it rotated onto
the Earth-facing solar disc. Upon eruption, coronal dim-
mings could be seen to extend mostly towards the South-
east in images from both STEREO-A and STEREO-B
(we, however, remark that at STEREO-A this may be
due to projection effects). This gives a first-order indica-
tion that the CME was launched non-radially towards
STEREO-A and away from STEREO-B, since the lo-
cations of coronal dimmings are believed to generally
map to the CME extent in coronagraphs (e.g., Thomp-
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Figure 2. Full-disc images from PROBA2/SWAP and STEREO/SECCHI/EUVI around the time of the four CMEs under
study. (a–d, top row) Images from STEREO/SECCHI/EUVI-B. (e–h, middle row) Images from PROBA2/SWAP. (i–l, bottom
row) Images from STEREO/SECCHI/EUVI-A. The locations of the source regions are indicated with red squares in the panels
when they were visible on the disc.
son et al. 2000). Such a non-radial propagation may be
explained by the presence of a large coronal hole to the
west of the source region (e.g., Cremades & Bothmer
2004; Gopalswamy et al. 2009). Coronagraph data (first
column of Figure 3) are consistent with this assump-
tion, showing that the main body of CME1 propagated
towards the southeast in STEREO-B’s field of view de-
spite originating from close to the disc centre. Since this
CME was back-sided with respect to Earth, it was not
detected in the fields of view of the HI instruments.
The second CME (hereafter CME2) erupted on
22 May 2013, ∼07:00 UT. As shown in the second
column of Figure 2, the CME originated from the
NW limb from Earth’s viewpoint and from the NE
limb from STEREO-A’s viewpoint. The source region
was classified as NOAA AR 11745 and was located at
(θ, φ) = (15◦, 65◦) in Stonyhurst coordinates. This in-
dicates that the eruption was back-sided with respect
to STEREO-B’s viewpoint. This CME erupted from
higher up in the solar atmosphere, and a series of erupt-
ing loops could be seen off limb in images from both
PROBA2 and STEREO-A. The loops reached an alti-
tude of ∼ 1.4R (in plane-of-sky images) shortly before
the CME onset, and the only eruption signature that
could be seen on disc from both satellites was a set
of post-eruption arcades (PEAs). As seen from coro-
nagraph data (second column of Figure 3), this CME
appeared as a partial halo from all three viewpoints.
The third CME (hereafter CME3) erupted on
22 May 2013, ∼12:30 UT, from the same source re-
gion as CME2, located at (θ, φ) = (13◦, 70◦) in Stony-
hurst coordinates. The third column of Figure 2 shows
that, as CME2, this CME erupted from the NW limb
from Earth’s viewpoint and from the NE limb from
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Figure 3. The four CMEs under study as seen in running-difference coronagraph images from STEREO/SECCHI/COR2-B
(a–d, top row), SOHO/LASCO/C3 (e–h, middle row), and STEREO/SECCHI/COR2-A (i–l, bottom row). CME4 was the
faintest of all and is indicated with an arrow in the COR2 images, whilst it was not visible in LASCO data. For each column,
all images are taken within eight minutes around the reported time.
STEREO-A’s viewpoint, and was again back-sided with
respect to STEREO-B’s viewpoint. The source of this
eruption was a reverse-S shaped filament (seen in 304 A˚
data from SDO/AIA and STEREO/SECCHI/EUVI-A)
that was lying under the PEAs that originated from
CME2. Coronagraph data (third column of Figure 3)
reveal that this CME appeared as a full halo from all
three viewpoints, and that it was significantly faster
than CME2. In the LASCO/C3 coronagraph onboard
SOHO, it can be seen that CME3 caught up with CME2
(and possibly merged) around 15:30 UT at a plane-of-
sky heliocentric distance of ∼ 20R. As a further
confirmation of this, CME2 was observed in two im-
ages in HI1-A (Figure 4(a)) before it was subsumed by
CME3 (Figure 4(b)). In the HI1-B field of view, CME2
and CME3 were only visible as a single CME (hereafter
CMEs2&3, Figure 4(c)).
The fourth CME (hereafter CME4) erupted on
23 May 2013, ∼19:30 UT, from close to the disc cen-
tre (in the NE quadrant) from Earth’s viewpoint. The
fourth column of Figure 2 shows the source region of this
CME. Because of the configuration of the spacecraft at
this time, the source region could not be observed simul-
taneously in any of the STEREO satellites, being close
to the central meridian on PROBA2. The source region
was located at (θ, φ) = (7◦,−13◦) in Stonyhurst coor-
dinates, and the eruption originated from between the
western edge of NOAA AR 11753 and an adjacent re-
gion of more diffuse field. A filament (seen in SDO/AIA
304 A˚ images) was running along the polarity inversion
line (PIL) between these two regions, and the CME
originated from its eruption. The on-disc observations
of this event show several eruption-associated signatures
(e.g., Hudson & Cliver 2001; Zhukov 2007): ejection of
6 Palmerio et al.
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Figure 4. Three of the four CMEs under study as seen in running-difference STEREO/SECCHI/HI1 images. The observed
CME and the observing spacecraft (A or B) are indicated on top of each image. CME1 was not visible from either of the
STEREO spacecraft, and STEREO-B could only detect the large, merged CMEs2&3 due to the presence of the galactic plane
in its field of view (the CME front is indicated with arrows).
filament material, flare ribbons, coronal dimmings, and
PEAs. The situation, however, is different in the coron-
agraph data (last column of Figure 3), where the CME
appeared faint to invisible, depending on the viewpoint.
Only in the COR2-A coronagraph was CME4 visible
as a three-part structure (Illing & Hundhausen 1985)
along the ecliptic plane, although relatively narrow and
faint. In the COR2-B coronagraph, only a very faint
jet-like emission could be seen. Finally, this CME was
not visible at all on either of the LASCO coronagraphs
or the COR1 coronagraphs. Despite being faint and
narrow, CME4 appeared to be fairly fast, with a plane-
of-sky speed of about 1200 km s−1 (in the plane of sky
of STEREO-A). Finally, this CME was also visible in
the HI field of view, although from STEREO-A only,
again as a narrow CME that propagated mostly along
the ecliptic plane (Figure 4(d)).
3.2. In-situ Observations
Figure 5 shows in-situ measurements taken at Wind
and STEREO-A during the days following the erup-
tions described in Section 3.1. According to our remote-
sensing analysis, we estimate that the interplanetary
shocks driven by the CMEs under study arrived at 1 AU
in the following way: the shock driven by CME1 (here-
after S1) arrived at STEREO-A on 24 May at 06:52 UT,
the shock driven by the merged CMEs2&3 (hereafter
S2&3) arrived at Wind on 24 May at 17:26 UT and
at STEREO-A on 25 May at 06:05 UT, and finally the
shock driven by CME4 (hereafter S4) arrived at Wind on
25 May at 09:22 UT. There are no signatures of CME1
in the STEREO-B in-situ data (not shown), suggesting
that CME1 was indeed deflected towards STEREO-A as
suggested by the EUV and white-light imaging observa-
tions. The other three CMEs were also not observed at
STEREO-B.
Since Earth and STEREO-A were separated by about
137◦ in longitude (see Figure 1) during the period under
study, we investigate the shock normals (taken from the
Heliospheric Shock Database) and the timing between
the spacecraft to ensure that S2&3 was indeed observed
at both locations. Concerning the shock normals, we
estimate the angle α between the shock normal and the
radial direction. The sign of α indicates whether the
shock was encountered towards the East or West from
its nose. At Wind, we obtain α = −38◦, suggesting an
encounter towards the East and at STEREO-A, we ob-
tain α = 9◦, suggesting an encounter towards the West
(here, the plus sign is defined towards the West with
respect to the radial direction). The solar wind speed
before the shock at Wind was V ∼ 450 km·s−1, and
at STEREO-A V ∼ 340 km·s−1, whilst after the shock
passage, the measured speeds are V ∼ 550 km·s−1 and
V ∼ 440 km·s−1, respectively. At both locations, the
speed jump at the shock is thus ∆V ' 100 km·s−1.
Together with the fact that the shock was detected at
STEREO-A about 12 hours later than at Wind because
of the slower background wind, this suggests that the
two spacecraft likely detected the same shock. Our
heliospheric simulation constrained by coronagraph ob-
servations and presented in Section 4.4 gives also fur-
ther support that the interplanetary shock driven by
CMEs2&3 was observed at both Wind and STEREO-
A.
Furthermore, we identify in in-situ data two relatively
weak structures that show some clear ICME ejecta sig-
natures (for a description of ICME signatures see, e.g.,
Zurbuchen & Richardson 2006; Kilpua et al. 2017a).
These periods are shown in Figure 5 within grey shaded
areas. These ejecta would thus correspond to CME4
(hereafter E4, at Wind) and to the merged CMEs2&3
(hereafter E2&3, at STEREO-A). In order to corrobo-
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Figure 5. In-situ observations from the (a) Wind and (b) STEREO-A spacecraft. Both plots show the following parameters:
magnetic field magnitude, Cartesian components of the magnetic field, θ and φ (angular) components of the magnetic field, solar
wind speed, proton density, proton temperature, plasma β, and Dst index. The purple solid lines represent the shock arrivals
(S1, S2&3, and S4), the cyan dashed line marks the discontinuity in the speed profile (D4), and the grey shaded regions highlight
the ICME ejecta (E2&3 and E4). A Gold–Hoyle flux rope fitting has been overplotted in pink within the ejecta intervals.
rate these identifications, we look for these two events
in the existing ICME catalogues (Richardson & Cane
2010; Jian et al. 2018; Nieves-Chinchilla et al. 2018).
We find that E4, observed at Wind, is reported in the
Richardson & Cane catalogue, whilst E2&3, observed
at STEREO-A, is reported in the Jian et al. catalogue.
Neither ejecta, however, has been classified as a mag-
netic cloud, i.e., a structure showing enhanced magnetic
field magnitude, a smoothly rotating magnetic field over
one direction, and low plasma temperature and beta
(Burlaga et al. 1981). E4 at Wind exhibits low plasma
temperature and beta, and the magnetic field shows a
modest rotation. In turn, E2&3 at STEREO-A does not
show depressed temperature nor plasma beta, but the
magnetic field exhibits a clear rotation. Both ejecta dis-
play similar magnetic field magnitudes, with peak values
of ∼ 10 nT.
In order to further confirm the CME–ICME associa-
tions described above, we compare the helicity sign of
the corresponding flux ropes at the Sun with the mag-
netic structures in situ. At the Sun, we use proxies from
multiwavelength observations (e.g., Palmerio et al. 2017,
2018); at 1 AU, we apply the Gold–Hoyle flux rope fit-
ting technique (Gold & Hoyle 1960; Farrugia et al. 1999),
shown in Figure 5 at both spacecraft. We note clear
reverse-J flare ribbons after the eruption of both CME3
and CME4, which are a sign of negative helicity. This is
consistent with the helicity sign given by the flux rope
fits to the in-situ data, which is also negative in both
cases.
Additionally, we note at Wind a substantial increase
in the solar wind speed from ∼ 620 km·s−1 to ∼
800 km·s−1 on 24 May in the interval 21:10–21:20 UT
(marked as D4 in Figure 5(a)), i.e., occurring within
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the sheath between S4 and E4, close to the E4 leading
edge. At this time, the solar wind density and tem-
perature show a slight increase, the BZ component of
the magnetic field rotates abruptly from the South to
the North, whilst the magnetic field magnitude features
a dip, resembling a magnetic hole (e.g., Turner et al.
1977). These observations, together with the fact that
E4 shows a faster speed than its corresponding shock at
1 AU, suggest significant interaction of S4 with the am-
bient solar wind. Namely, it is likely that S4 was initially
travelling at a faster speed through the medium-to-fast
stream that immediately follows E4 at Wind, but suc-
cessively slowed down when the shock wave encountered
the slow stream ahead of it. In such a scenario, D4 would
represent the interface between the faster and slower
ambient streams. Previous studies have shown that the
propagation direction and speed of a CME ejecta is more
constrained by the structure of the background wind
than its corresponding shock, which is able to expand
through different ambient streams (e.g., Wood et al.
2012). The faster stream that follows E4 (V ∼ 600–
700 km·s−1) likely originated from the extended coronal
hole to the North of the CME4 source region, visible in
Figure 2(h).
Finally, in order to evaluate the geomagnetic impact
of all the CMEs, we analyse the Dst index profiles. For
those CMEs that reached Earth, we use hourly Dst val-
ues from the World Data Center for Geomagnetism, Ky-
oto. At STEREO-A, we calculate the Dst index from
the solar wind data using the models by Burton et al.
(1975) and O’Brien & McPherron (2000). We initially
use 1-minute solar wind data and then resample the cal-
culated Dst to 1-hour cadence. The results are shown
in the bottom panels of Figure 5.
At Wind, the Dst index developed in three distinct
steps. The first two decreases were associated with the
sheath regions behind S2&3 and S4, and the third de-
crease was related to E4. Both sheaths featured large
amplitude fluctuations in the North–South magnetic
field component (BZ) that reached about −10 nT. E4
contained periods of southward field, although weak in
magnitude (BZ > −5 nT), but the solar wind speed was
relatively high throughout E4, in particular at its lead-
ing edge (V ∼ 700 km·s−1). As a result, both sheaths
caused a moderate storm (Dst ∼ −60 nT), whilst E4
drove a minor storm (Dst ∼ −40 nT).
The Dst index estimated using STEREO-A solar wind
data developed in two distinct steps. The first decrease
was associated with the southward field following S1.
Before S2&3 arrived, the field magnitude decreased (and
consequently also its southward component) and as a re-
sult the Dst showed signs of recovery. The sheath behind
S2&3 featured a mostly northward field at STEREO-
A and, as a consequence, the Dst stayed at quiet-time
values. The second decrease was associated with the
southward field embedded in E2&3. As this ICME was
weak and slow (its speed was only about 400 km·s−1),
its corresponding Dst response was quite weak. It is no-
ticeable that the two models gave very similar results for
the sheath that followed S1 (Dst ∼ −50 nT), but slightly
different values of Dstmin for E2&3 (Dst ∼ −35 nT for
the Burton model versus Dst ∼ −45 nT for the O’Brien
model). Nevertheless, the structures associated with
both CMEs at STEREO-A would likely have caused
minor–to–moderate disturbances if they had impacted
Earth instead.
4. SUN–TO–1 AU CONNECTION
Next, we describe the multiwavelength and multipoint
analysis we perform in order to investigate how well
CMEs are visible in different types of observations and
from different vantage points and to connect the four
CMEs from the Sun to 1 AU and assess their impact,
both on the observational and on the modelling perspec-
tives.
4.1. Coronagraph-based Analysis
We perform a 3D fitting of the four CMEs in the
coronagraphs from the three vantage points (SOHO,
STEREO-A, and STEREO-B) using the Graduated
Cylindrical Shell (GCS) model (Thernisien et al. 2006,
2009). The GCS fits serve as input for our propagation
models (see Sections 4.3 and 4.4). In order to be con-
sistent with the assumption of a spherical shape used in
the modelling, we fit all the CMEs using the ice-cream
cone model (Fisher & Munro 1984) by setting the half-
angular width α = 0◦. Figure 6 shows examples of the
GCS cone fittings for each case.
The parameters that we obtain as output from each
GCS fitting are: latitude (θ), longitude (φ), height (h),
and aspect ratio (κ, i.e. the ratio of the CME size at
two orthogonal directions). Since we set α = 0◦ and
use a cone shape, the value of the tilt angle of the CME
axis (γ) is irrelevant for our fitting. We derive the CME
speed (v) from the value of h by fitting our CMEs at two
separate times and the CME half-angle (ω/2) through
the relation κ = sin(ω/2).
CME1, CME2, and CME3 are clearly seen from all
three vantage points and, as a result, can be fitted fairly
well. CME4, on the other hand, is not seen from the
viewpoint of SOHO and is relatively faint in STEREO-B
images. As a consequence, the GCS fit for this CME has
larger uncertainties than for the other three CMEs. Fur-
thermore, CME1, CME2, and CME3 show a sharp faint
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Figure 6. GCS cone fitting results for the four CMEs under study. The top panels in each case show multipoint coronagraph
observations of the CMEs in difference images, and the lower panels show the corresponding spherical GCS fits.
outer boundary outside the fitting of the CME bubble.
These outer boundaries are often interpreted as white-
light signatures of shocks that develop ahead of prop-
agating CMEs (Vourlidas et al. 2013). CME4, on the
other hand, is significantly fainter in coronagraph im-
ages and, as a result, we cannot distinguish any feature
that would indicate the presence of a shock.
4.2. Radio-based Analysis
Flares and CMEs are frequently associated with elec-
tromagnetic emission covering a wide spectral range.
Radio emission produced by non-thermal electrons ac-
celerated at the shock wave front, so-called type II radio
bursts (e.g., Wild 1950; Nelson & Melrose 1985; Vrsˇnak
& Cliver 2008; Magdalenic´ et al. 2010), are a well-known
and in many aspects unique means to study the prop-
agation of shock waves. Herein, we inspect the radio
emission associated with the events under study, with
the aim to obtain additional knowledge on the propaga-
tion of the CME-driven shock waves.
CME1 and CME4 were not associated with type II
radio emission. CME1 had no associated radio emission
at all, neither in the metric (low corona) wavelength
range, nor at the decametric–to–kilometric (interplane-
tary space) wavelengths, as seen from the WAVES in-
struments onboard Wind and the STEREOs. CME4
was associated only with several type III radio bursts
(signatures of fast electron beams propagating along
open field lines; e.g., Reid & Ratcliffe 2014) observed by
W/WAVES. CME2 also lacked radio type II signatures
in the metric range, but was associated with a short-
lasting and patchy drifting emission observed by Wind.
The low frequency emission was observed from approx-
imately 11:00 to 12:00 UT on 23 May, when CME2 was
at about 10 R away from the Sun. The observed ra-
dio emission gives indication of the presence of a shock
wave associated with this rather slow CME. However,
the signal-to-noise ratio of the radio emission was too
weak to be analysed.
CME3, in turn, was temporally associated with a
complex radio event, consisting of two adjacent type II
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Figure 7. Dynamic spectra showing the radio signatures associated with CME3 as measured by the WAVES instruments
onboard STEREO-A (top), STEREO-B (middle), and Wind (bottom). The x–axis shows the time in UT during 22 May 2013.
The type II and type III bursts are indicated with arrows and labels.
bursts, type III bursts associated with the impulsive
phase of the flare, and type IV continuum (see Figure 7).
The first type II burst was observed in the decametric–
to–kilometric range from 12:55 UT until 13:35 UT, and
had starting and ending frequencies of about 50 MHz
in Nanc¸ay Decametric Array (NDA; Boischot et al.
1980) observations and 1.2 MHz in S/WAVES-A and
W/WAVES data, respectively. S/WAVES-B observa-
tions show only the low frequency part of the emission,
indicating that the shock was at the beginning of the
event occulted for STEREO-B. Since the starting fre-
quency of this radio burst was below the observing range
of the Nanc¸ay Radioheliograph (NRH; Kerdraon & De-
louis 1997), the comparison of the type II source posi-
tions with EUV observations is not possible. A second,
intense type II burst was observed in the metric range
and from the Sun through the outer corona by all three
WAVES instruments. It is difficult to estimate the ex-
act starting time and frequency of this type II burst
because the metric-range counterpart occurred concur-
rently with the type IV continuum. The approximate
start time and frequency are estimated to be 13:11 UT
and about 190 MHz, respectively. The comparison of
NRH observations with EUV data indicates that the
source region of the second type II burst was situated
above the source region of CME3. By assuming that ra-
dio emission is most intense along the direction of prop-
agation and noting the positions of the observing space-
craft depicted in Figure 1, it is possible to derive a qual-
itative propagation direction for the type II radio bursts
(e.g., Magdalenic´ et al. 2014). In this regard, the first
burst was mostly occulted to STEREO-B and the second
one was most intense from the viewpoints of STEREO-
A and Wind, suggesting that both emissions originated
and propagated roughly between Earth and STEREO-
A, i.e., from the same source and in the same direction
as CME3. Both type II bursts appear slightly more
intense in S/WAVES-A, suggesting a modest asymme-
try in the propagation direction of the source towards
STEREO-A. Different radio shock signatures may origi-
nate from different parts of a single, very extended shock
wave (e.g. Morosan et al. 2019), or from two subsequent
eruptions from the same source region happening very
close in time. Since the drift rates of these two type II
bursts are very similar and we observe clear signatures
of only one CME, the possibility that they are driven by
the same shock wave seems plausible.
To attempt to define the exact sources of the radio
emission associated with CME 3, we study the height–
time profiles of the type II bursts and compare them
with the kinematics of the expanding CME observed
in EUV and white light. Regarding EUV observations,
we track the erupting CME loop off limb. Regarding
white-light observations, we track the position of the
shock nose and its northern and southern flanks. We
obtain the kinematics of the type II radio bursts from
the frequency drift rate using the two-fold Saito (Saito
et al. 1970) coronal density model for ground-based ob-
servations and the hybrid model developed by Vrsˇnak
et al. (2004) for space-based observations. The hybrid
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Figure 8. Kinematics of the shock associated with
CME3 in EUV, white light, and radio. EUV measure-
ments (plus symbols) are taken with PROBA2/SWAP
and STEREO/SECCHI/EUVI-A, white-light measure-
ments (asterisks) are taken with SOHO/LASCO and
STEREO/SECCHI/COR-A, and radio measurements (cir-
cles) are taken from NDA in the metric range and from
the WAVES instruments onboard Wind and both STEREO
spacecraft in the decametric–to–kilometric range.
model provides a smooth transition from the active re-
gion corona to interplanetary space, and is therefore ap-
plicable for radio observations in the decameter to kilo-
meter range. Although the type II bursts show a com-
plex morphology, it is possible to determine whether the
radio emission was at the fundamental or the harmonic
of the plasma frequency. The harmonic emission lanes
are converted to fundamental emission (through division
by 2) before the conversion into heights.
The resulting kinematic evolution is shown in Fig-
ure 8, from which it is evident that the second type II
radio burst likely originated from close to the south-
ern flank of the shock driven by CME3, in agreement
with previous studies (e.g., Reiner et al. 1998; Mag-
dalenic´ et al. 2014; Mart´ınez-Oliveros et al. 2015; Krupar
et al. 2016). The first type II burst appears to corre-
late well with the kinematic curve of the CME3-driven
shock nose in its early stage, but later deviates from
the shock nose kinematics. Keeping in mind the uncer-
tainties associated to the selection of the density mod-
els in radio studies, together with the projection effects
and uncertainties arising from tracking shock waves in
white-light, we conclude that the first burst likely orig-
inated from close to the nose of the shock driven by
CME3. From the time–height points shown in Figure 8,
we derive the speeds of the observed type II during their
initial propagation (until ∼ 10R) to be ∼ 1900 km·s−1
for the first one and ∼ 1300 km·s−1 for the second one.
The derived speeds match well with the kinematics of
the CME3 ejecta in the corona (we obtained a speed of
∼ 1500 km·s−1 from the GCS reconstruction presented
in Section 4.1).
4.3. HI-based Analysis
Next, we follow the CMEs in the HI cameras onboard
both STEREO spacecraft, which each have a combined
elongation coverage between 4◦ and 87.7◦ between the
Sun and Earth, centred on the ecliptic. As discussed
in Section 3.1, CME1 was directed roughly between
STEREO-A and STEREO-B, away from Earth, thus it
did not pass through the HI fields of view. We did,
however, observe the remaining CMEs.
Because CME2 was only visible in two images from
HI1-A before it was subsumed by CME3, we take the
plane of sky location of the front of CME2 to calculate its
height. CMEs2&3 were subsequently visible as a single
CME in the observations from HI on STEREO-A and
-B (see Section 3.1) and so we treat them as a single
entity in our further analysis. We track the elongation
of the shock front of this merged CME in the ecliptic
as a function of time through the HI fields of view in
each spacecraft. This tracking is carried out using time–
elongation maps (e.g., Sheeley et al. 2008; Davies et al.
2009) of running difference images from HI at a position
angle in the ecliptic plane. In these time–elongation
maps, a propagating density structure such as a CME
(and in particular the dense sheath region ahead of it)
appears as a bright front followed by a dark front. The
elongation of the CME front, as a function of time, is
tracked by manually selecting points along the front.
Due to the presence of the galactic plane in the HI1-
B field of view (see Figure 4), these images are more
difficult to interpret and as a result CME4 was visible in
HI on STEREO-A only. Again, we track the elongation
of this CME front in the ecliptic as a function of time,
albeit with data just from HI on STEREO-A. In both
cases, the features are tracked to the furthest elongation
possible, until they become too faint to distinguish from
the background: 69◦ (STEREO-A) and 38◦ (STEREO-
B) for CMEs2&3 and 19◦ for CME4. The structures
that we track in the HI cameras from both STEREO
spacecraft are shown in Figure 9. Earth was located
at 22◦ (STEREO-A) and 19◦ (STEREO-B) elongation
during the observation time.
Since the features tracked in the HI cameras are highly
sensitive to projection effects, we apply to the time–
elongation points a self-similar expansion model that
allows us to resolve the tracked front in 2D. To the
data for CMEs2&3, tracked from both STEREO space-
craft, we apply the Stereoscopic Self-Similar Expansion
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Figure 9. Time–elongation data for the period 22 May to 26 May 2013. Panels (a) and (b) show HI running-difference time–
elongation maps for STEREO-A and -B, respectively, constructed along position angles of 85◦ and 295◦. The overplotted circles
show the manually tracked time–elongation profiles for CME2 (blue), CME3 (green), and CME4 (red). Earth was located at
about 20◦ in both fields of view.
(SSSE; Davies et al. 2013) model, which assumes that
the CME front is represented by a circle with a con-
stant half-width. We derive the position of the CME
apex as a function of time and fit a second order poly-
nomial, which allows us to interpolate the CME propa-
gation and estimate an exact time of impact at Earth.
For CME4, which was visible in HI1-A only, we apply
the single-spacecraft version of the SSSE model, i.e. the
Self-Similar Expansion (SSE; Davies et al. 2012) model.
This model also represents the CME front as a circle
with a constant half-width and makes the further as-
sumptions that it propagates radially and with a con-
stant speed. In the use of both fitting models, we ap-
ply the correction derived by Mo¨stl & Davies (2013),
whereby the CME flank is expanding at a slower speed
along the Sun–Earth line than it is at the apex. In or-
der to account for the fact that a CME-driven shock
is expected to be somewhat larger than the CME itself
(e.g., Gopalswamy et al. 2010a; Good & Forsyth 2016),
we apply the (S)SSE models to a range of half-widths
between the CME half-width as derived from the GCS
fitting ((ω/2)GCS, 64
◦ for CMEs2&3 and 19◦ for CME4,
see Section 4.1) and (ω/2)GCS+15
◦, using 5◦ increments.
The resulting impact times and speeds for different half-
widths are shown in Table 1.
By checking the angle δ shown in Table 1 between
the shock apex resulting from the fittings and the Sun–
Earth line, we note that all the reported values re-
sult in an eastern flank encounter for CMEs2&3 and
a frontal encounter for CME4, as expected from the ob-
servational analysis reported in Section 3. CMEs2&3, in
fact, are associated with values of δ around −39◦, whilst
for CME4 all the fittings result in an impact at Earth
within ±5◦ from the shock apex. Furthermore, in both
Table 1. Arrival speeds and times of the CMEs tracked
in HI time–elongation data and fitted through the SSSE
(CMEs2&3) and SSE (CME4) models, using different half-
widths. The columns show, from left to right: CME number,
half-width, speed of the front apex at the time of impact at
Earth, speed of the front along the Sun–Earth line at the
time of impact, arrival time at Earth in UT and in the for-
mat DD/HH:MM, and angle between the CME apex and the
Sun–Earth line (the plus sign is defined towards the West).
CME ω/2 VApex VEarth tEarth δ
2&3 64◦ 1095 km/s 792 km/s 24/13:39 −38◦
2&3 69◦ 1120 km/s 810 km/s 24/14:49 −39◦
2&3 74◦ 1141 km/s 825 km/s 24/15:48 −39◦
2&3 79◦ 1138 km/s 822 km/s 24/16:18 −40◦
4 19◦ 963 km/s 952 km/s 25/13:58 −5◦
4 24◦ 990 km/s 989 km/s 25/12:23 −1◦
4 29◦ 1016 km/s 1015 km/s 25/11:18 +2◦
4 34◦ 1043 km/s 1035 km/s 25/10:31 +5◦
cases, the fittings that assume a half-width as derived
from the GCS reconstructions yield an impact time at
Earth that lies about 4 hours from the actual shock ar-
rival (∼ −4 hours for CMEs2&3 and ∼ +4.5 hours for
CME4), with both fittings approaching the measured in-
situ arrival time with increasing half-width. The half-
width of (ω/2)GCS + 15
◦ gives the closest impact time
at Earth when compared to in-situ data in both cases
(∼ −1 hour for CMEs2&3 and ∼ +1 hour for CME4),
suggesting that the larger extent of a CME-driven shock
should be taken into account when tracking and recon-
structing features observed in the HI cameras. How-
ever, the SSSE model relies on several assumptions,
which oversimplify the true CME physics. Primarily,
the model assumes the cross-section of the CME front
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to be a rigid, expanding circle. It is not possible for a cir-
cular front constrained by the observed time–elongation
data for CMEs2&3 to ever reach STEREO-A. However,
a flatter shock front that is constrained by the same
data would have a wider longitudinal range and may in-
deed be capable of reaching STEREO-A. Furthermore,
the circular fronts assumed in the (S)SSE model result in
arrival speeds at 1 AU that are much larger than the ob-
served ones at Wind (∆V ∼ 200 km·s−1 for CMEs2&3
and ∆V ∼ 400 km·s−1 for CME4).
4.4. EUHFORIA Modelling
In order to assess the validity of our estimated in-
situ impacts at both Wind and STEREO-A, we run a
simulation with the EUropean Heliospheric FORecast-
ing Information Asset (EUHFORIA; Pomoell & Poedts
2018) model to compare to our observation-based anal-
ysis. The EUHFORIA model is composed of a simple
semi-empirical Wang–Sheeley–Arge (WSA)-like coronal
model (Arge et al. 2004) and a 3D time-dependent mag-
netohydrodynamics (MHD) heliospheric model that al-
lows to model propagating CMEs on a steady back-
ground solar wind in the inner heliosphere from 0.1 AU
onwards. We here put the outer boundary of the com-
putational domain at 2.0 AU. In this work we employ
a cone CME model in which CMEs are described as
dense, spherical blobs of plasma injected in the helio-
sphere without any internal magnetic field structure,
i.e. their magnetic field is just that of the background
solar wind (Odstrcil et al. 2004; Scolini et al. 2018b).
Due to the simplified treatment of the CME structure,
cone models are not suitable to study the magnetic field
structure associated with ICMEs. However, they have
been successfully applied to study the global evolution of
CMEs and their fronts in the heliosphere, and to predict
CME arrival times at different locations.
As input for the semi-empirical coronal model we
use the synoptic standard magnetogram generated by
the Global Oscillation Network Group (GONG) on
21 May 2013 at 08:14 UT. This allows us to model the
background solar wind conditions before the eruption of
CME1.
We simulate the four CMEs under study by inserting
them at the heliospheric inner boundary, set at 0.1 AU
(corresponding to 21.5 R). The input parameters for
each CME were derived from the GCS reconstructions at
the latest time when each CME was visible in the coro-
nagraphs, e.g. as close as possible to the inner boundary
of EUHFORIA (see Table 2).
Figure 10 shows two snapshots of the EUHFORIA
simulation for the speed in the heliographic equato-
rial plane and meridional plane containing Earth, and
Table 2. CME input parameters used in EUHFORIA, as
derived from the GCS modelling. θ and φ are in Stonyhurst
coordinates.
CME1 CME2 CME3 CME4
Date 2013-05-21 2013-05-22 2013-05-22 2013-05-23
Time 07:31 UT 15:34 UT 15:40 UT 22:25 UT
v 735 km/s 541 km/s 1507 km/s 1430 km/s
θ -25◦ 30◦ 20◦ -2◦
φ 174◦ 68◦ 70◦ 3◦
ω/2 38◦ 41◦ 64◦ 19◦
a comparison of the EUHFORIA prediction at Earth,
STEREO-A, and STEREO-B with in-situ measure-
ments from the Advanced Composition Explorer (ACE;
Stone et al. 1998) spacecraft and from the two STEREO
spacecraft. As is visible in the top panels, CME1 is mod-
elled as back-sided with respect to Earth, propagating
mainly between STEREO-A and STEREO-B. CME2
and CME3 merge during their insertion at the inner
boundary of the model, and are therefore observed
as a single structure propagating between Earth and
STEREO-A. Finally, CME4 is approximately Earth-
directed, suggesting an almost central hit at Earth.
As can be seen in the top panel of Figure 10, the model
predicts that the longitudinal extent of CME1 encom-
passes the position of STEREO-A, suggesting an impact
(albeit weak) of CME1 on STEREO-A at its eastern
flank. However, in the simulation the merged CMEs2&3
propagate at a faster speed, catching up and merging
with CME1 shortly before the impact at STEREO-A
(second panel) at around 18:00 UT on 24 May 2013. For
this reason, the speed time series at STEREO-A shows
a single peak, corresponding to the arrival of CME1 to-
gether with CMEs2&3, instead of two individual peaks.
A comparison of the simulation results with in-situ ob-
servations at STEREO-A indicates that the arrival of
CMEs2&3 in the simulation occurs about 12 hours ear-
lier than observed. As CME1 is modelled to arrive
together with CMEs2&3 at STEREO-A, its arrival is
about 12 hours late in the model. At Earth, the EU-
HFORIA time series shows the presence of two peaks.
The first peak corresponds to the arrival of the merged
CMEs2&3, occurring around 12:00 UT on 24 May, i.e.
less than 6 hours earlier than observed from in-situ mea-
surements. The second peak corresponds to the arrival
of CME4, expected around 00:00 UT on 26 May. In
this case, the EUHFORIA prediction is about 14 hours
late when compared to in-situ data. Finally, none of the
modelled CMEs is predicted to arrive at STEREO-B, as
confirmed by the corresponding speed time series. The
increase in solar wind speed (from V ∼ 300 km·s−1 to
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Figure 10. Top: Snapshots of the EUHFORIA simula-
tion at 18:13 UT on 23 May 2013 and at 12:13 UT on
25 May 2013, in the heliographic equatorial plane and in
the meridional plane that includes Earth. Bottom: compar-
ison of the EUHFORIA time series (blue) with in-situ mea-
surements from ACE, STEREO-A, and STEREO-B (red),
during the whole temporal computational domain.
(An animation of this figure is available.)
V ∼ 500 km·s−1) is to attribute to a fast wind stream
that, according to our simulation, impacted STEREO-B
at around the time shown in the top panel of Figure 10.
In summary, EUHFORIA predicts CME1 to arrive at
STEREO-A, CMEs2&3 to arrive at both STEREO-A
and Earth, and CME4 to arrive at Earth. Moreover,
CME1 is not seen to arrive at STEREO-B. The CME-
driven shock speeds at 1 AU are consistent with in-situ
measurements, with errors ranging between ∼ 5 and
∼ 30 km·s−1 only. Despite some discrepancies between
predicted and observed arrival times of the CMEs at var-
ious spacecraft, compatible with typical uncertainties of
similar models (Riley et al. 2018; Wold et al. 2018; pos-
sibly due to inaccuracies in the modelling of the solar
wind background and in the CME speed at 21.5 R de-
rived from GCS fitting), the prediction of the impacts in
the EUHFORIA simulation is consistent with the anal-
ysis presented in Section 3.1 that was based on remote-
sensing observations of the events under study, as well
as with the in-situ observations discussed in Section 3.2.
5. DISCUSSION AND CONCLUSIONS
In this work, we have performed a Sun–to–1 AU anal-
ysis of four CMEs that erupted during 21–23 May 2013.
These eruptions took place during a period in which the
Sun was very active (at about six CMEs per day), but we
uniquely matched these four events with their in-situ sig-
natures through detailed examination of observational
data supported by modelling. All the CMEs under study
could be considered “problematic” from a space weather
forecasting perspective because they either erupted from
the solar limb with respect to their target location
(CME1, CME2, and CME3) or they did not have clear
signatures in coronagraph images (CME4). Neverthe-
less, all the CMEs that arrived at Earth caused a mod-
erate geomagnetic disturbance, and we estimated us-
ing Dst prediction models that the CMEs observed by
STEREO-A would likely have also caused moderate ac-
tivity had they impacted Earth instead.
The moderate storm activity revealed by the Dst in-
dex related to the analysed events was associated at
both Wind and STEREO-A to turbulent sheath fields
behind interplanetary shocks and relatively weak ICME
ejecta. The ejecta observed at Wind (E4 in Figure 5(a))
was likely weak due to its being associated to a narrow
and faint solar counterpart, whilst the ejecta detected
at STEREO-A (E2&3 in Figure 5(b)) corresponded to
the glancing encounter with a large, merged CME that
was launched roughly between Earth and STEREO-A.
Three of the four CMEs under study (CME1, CME2,
and CME3) erupted from the solar limb, with their
source regions located at > ±65◦ longitude from Earth’s
and/or STEREO-A’s viewpoints. The fact that they
caused moderate space weather disturbances at 1 AU
agrees with a number of previous studies (e.g., Ro-
driguez et al. 2009; Gopalswamy et al. 2010b; Cid
et al. 2012). These disturbances were caused primar-
ily through the CMEs’ sheath regions, although we note
that in the case of CMEs2&3 at STEREO-A a minor dis-
turbance was triggered by the edge-encountered ejecta
instead. Note that CME2 and CME3 erupted from
the eastern limb as seen from STEREO-A, which could
partly explain their weak geomagnetic response. West-
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limb CMEs tend to be more geoeffective due to east-
ward deflection driven by the spiral nature of solar wind
structures (Gosling et al. 1987; Wang et al. 2004, 2014).
However, Gopalswamy et al. (2010b) found that CMEs
originating close to the eastern limb can cause geomag-
netic storms under extreme conditions (i.e., when speeds
exceed 2000 km·s−1). The largest and fastest East-limb
CME in our study (CME3) had a speed ∼ 1500 km·s−1
(from the GCS reconstruction) close to the Sun, i.e.
below the Gopalswamy et al. (2010b) limit. To sum-
marise, the results presented in this work suggest that
limb CMEs can be geoeffective as a result of deflections
in the corona (as in the case of CME1) or because of
large longitudinal extents (as for CMEs2&3).
CME4, on the other hand, erupted from close to the
disc centre as seen from Earth, but we defined it as a
“problematic” CME nevertheless. Although its on-disc
eruption signatures were clear, CME4 was not visible
in LASCO imagery and its morphology in STEREO-
B would have been classified as a “jet” according to
the definition of Vourlidas et al. (2013), where a jet is
defined as a narrow CME lacking a sharp front, a de-
tailed sub-structure, or circular morphology. Only in the
STEREO-A field of view did this CME have a three-part
structure (Illing & Hundhausen 1985), albeit relatively
faint. We could reconstruct an approximate propaga-
tion speed and direction for CME4 only through the
two STEREO viewpoints; it would have been impos-
sible to obtain such information if we were relying on
SOHO observations only. This highlights the impor-
tance of multipoint observations for understanding and
forecasting events that lack clear signatures in remote-
sensing data. This also applies to so-called “stealth
CMEs” (e.g., Robbrecht et al. 2009; Nitta & Mulligan
2017), which are usually detected in coronagraph im-
agery but lack unambiguous low-coronal counterparts.
It has been shown that some CMEs that are not ob-
served on disc can nevertheless be detected off limb from
a second viewpoint (e.g., Robbrecht et al. 2009; Vourli-
das et al. 2011), supporting the conjecture that stealth
CMEs are not fundamentally different from “standard”
CMEs and that their stealthiness is due to observa-
tional limitations (e.g., Howard & Harrison 2013; Lynch
et al. 2016). Likewise, CMEs that are not visible in
coronagraph imagery from one viewpoint could be de-
tected from a second one, as demonstrated in this study
for CME4. Now considering the STEREO-A viewpoint
only, the fact that CME4 was not visible in COR1 and
then became increasingly clear through COR2 until HI1
agrees with the conclusions drawn by Simnett & Kahler
(2005) and Howard & Simnett (2008), i.e. that some
CMEs gain excess mass compared to the ambient solar
wind progressively during their propagation. Mass ac-
cretion in the heliosphere has indeed been demonstrated
in several studies (e.g., Lugaz et al. 2005; DeForest et al.
2013), although the CME white-light enhancements ob-
served in remote measurements may also be influenced
by Thomson scattering effects.
The key results of the multispacecraft and multiwave-
length analysis that we have performed in order to link
on-disc and in-situ observations, together with helio-
spheric modelling results, are summarised in Table 3.
First, we note that even though three CMEs (CME1,
CME2, and CME3) showed shock signatures in white-
light observations, only one of them (CME3) was asso-
ciated with clear type II radio bursts. This is consis-
tent with the results presented by Reiner et al. (2007),
who concluded that CMEs with initial speeds exceeding
1000 km·s−1 are most likely to generate type II emis-
sion. In the case of CME3, thanks to the favourable
positions of three well-separated spacecraft carrying ra-
dio antennas (longitudinal separations are provided in
the caption of Figure 1), we could infer the propaga-
tion direction of the associated type II emission, which
appeared to be between Earth and STEREO-A. Fur-
thermore, the slight asymmetry in the propagation di-
rection towards STEREO-A may explain why an ICME
ejecta was observed in situ at STEREO-A, whilst only
the corresponding CME-driven shock was detected at
Wind. Hence, similarly to multipoint EUV and white-
light observations, multipoint radio observations are also
highly important for understanding eruptive events as
they allow us to estimate the propagation direction of
the associated CME and associated shock. Doing so,
we have clearly demonstrated that the two subsequent
type II bursts observed from the metric to the decamet-
ric ranges can be signatures of the same CME-driven
shock wave. This finding also shows, in one single event,
that both shock-nose and shock-flank regions can be
sources of radio emission, indicating electron accelera-
tion at multiple locations of the CME shock, in agree-
ment with previous studies (Morosan et al. 2019).
HI-based observations and reconstructions, on the
other hand, were not favoured by the spacecraft con-
figuration during the period under analysis (Figure 1).
STEREO-B images were contaminated by the presence
of the galactic plane, and the longitudinal distance be-
tween Earth and STEREO-A (137◦) was too large to re-
sult in an impact of the merged CMEs2&3 at STEREO-
A under the assumption of a circular front in the SSSE
model. CME and CME-driven shock fronts tend to flat-
ten during interplanetary propagation as a result of so-
lar wind drag (e.g., Vrsˇnak et al. 2013), hence HI-based
reconstructions that employ an elliptical front (e.g., Rol-
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Table 3. Summary of the remote-sensing and in-situ observations and reconstructions, together with heliospheric modelling
results, related to the four CMEs under study. The dates are shown in the format DD/HH:MM.
CME1 CME2 CME3 CME4
Eruption time 21/01:00 22/07:00 22/12:30 23/19:30
Source from Earth Back-sided NW limb NW limb Centre
Source from STEREO-A SW limb NE limb NE limb Back-sided
Direction in coronagraph STEREO-A/STEREO-B Earth/STEREO-A Earth/STEREO-A Earth
Speed in coronagraph 735 km/s 541 km/s 1507 km/s 1430 km/s
Shock in coronagraph Yes Yes Yes No
Type II burst No Yes (too faint) Yes (2 bursts) No
Direction of type II — — Earth/STEREO-A —
Speed of type II — — 1939 & 1268 km/s —
Observed in HI No A only A & B A only
(S)SSE hit at 1 AU No Earth (E flank) Earth (Nose)
Arrival at Earth — 24/16:18 (822 km/s) 25/10:31 (1035 km/s)
EUHFORIA hit at 1 AU STEREO-A (E flank) Earth (E flank) & STEREO-A (W flank) Earth (Nose)
Arrival at Earth — 24/12:44 (600 km/s) 26/00:55 (590 km/s)
Arrival at STEREO-A 24/20:38 (430 km/s) 24/20:38 (430 km/s) —
Observations at Wind No Shock Shock+Ejecta
Shock arrival — 24/17:26 (590 km/s) 25/09:22 (580 km/s)
Ejecta arrival — — 25/23:58 (705 km/s)
Observations at STEREO-A Shock Shock+Ejecta No
Shock arrival 24/06:52 (425 km/s) 25/06:05 (460 km/s) —
Ejecta arrival — 25/17:06 (410 km/s) —
lett et al. 2016) would be more appropriate. The front
of CME4 was likely less flattened because of solar wind
preconditioning (e.g., Liu et al. 2014; Temmer & Nitta
2015) due to CMEs2&3, but its propagation direction
was subject to larger uncertainties because of the sin-
gle viewpoint (from STEREO-A). Nevertheless, albeit
large errors in the impact speeds likely resulting from
the circular-front assumption, the arrival times at Earth
from (S)SSE fittings were fairly consistent with in-situ
observations, with ∆t ∼ 4 hours in both cases when a
half-angle that equals the CME half-angle (from GCS
reconstructions) was used. The discrepancies in arrival
times were reduced to ∆t ∼ 1 hour when 15◦ were added
to the CME half-angle, in order to account for the larger
extent of the CME-driven shock. Furthermore, we were
able to obtain through (S)SSE reconstructions the cor-
rect impact locations at Earth with respect to the shock
nose, i.e., eastern flank for CMEs2&3 and close to the
nose for CME4. Thus, the results presented here under-
score the necessity and utility of heliospheric imaging
of the Sun–Earth line for terrestrial space weather fore-
casting.
The EUHFORIA simulation results confirmed that
each of the CMEs impacted their expected spacecraft
at 1 AU, albeit with some discrepancies in the arrival
times (ranging between 5 and 14 hours) relative to the
in-situ measurements. The shock arrival speeds, in turn,
were significantly more consistent with in-situ measure-
ments (the maximum error was ∼ 30 km·s−1). We
emphasise that CME predictions based on a 3D helio-
spheric model such as EUHFORIA are highly sensitive
to the modelled background solar wind. For example,
the fast stream that follows CME4 in Figure 5(a) was
not captured in EUHFORIA’s coronal model, resulting
in a larger deceleration of the CME in interplanetary
space and an arrival time that is a few hours later than
observed. Moreover, since the semi-empirical coronal
model uses synoptic magnetogram maps as input, it fol-
lows that the modelled solar wind originating from the
backside of the Sun is subject to larger uncertainties,
which likely resulted in discrepancies in the arrival times
at STEREO-A. Nevertheless, our study showcases that
3D heliospheric models such as EUHFORIA are of high
importance for providing a global context in the case
of complex multiple-CME events. Finally, we remark
that in this work we have employed a cone model for
simulating the CMEs under analysis, thus we could not
predict the arrival and the magnetic configuration of the
ICME ejecta that were observed at 1 AU. Recent devel-
opment efforts are under way to introduce magnetised
ejecta into heliospheric models (e.g., Scolini et al. 2019;
Verbeke et al. 2019), so that also the BZ component
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of the magnetic field and, consequently, the Dst index
could be estimated well in advance and compared with
in-situ measurements.
In conclusion, we remark that moderate events play
an important role in space weather research (e.g., Echer
et al. 2013). Forecasting moderate geomagnetic distur-
bances may be more difficult than extreme events be-
cause they are usually slower and signatures of Earth-
directed components may be subtler, as shown in this
study. These aspects highlight the importance of hav-
ing a complete understanding of the whole heliospheric
context when forecasting such events. They also em-
phasise the utility of having observations from multiple
vantage points and combining various approaches to suc-
cessfully capture the propagation and evolution of such
“problem events”. We demonstrated here the benefits of
combining a detailed EUV, white-light, and radio anal-
ysis as well as heliospheric modelling. The ability to
monitor and forecast solar transients and their geoeffec-
tiveness may improve significantly through continuous
observations away from the Sun–Earth line, especially
from the solar poles or from Earth’s Lagrange L5 point
(e.g., Vourlidas 2015; Gibson et al. 2018).
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